Thyroid hormones are essential to end the breeding season in sheep; however, it is not clear whether thyroid hormone action is limited to initiation of seasonal reproductive suppression in the ewe. The purpose of this study was to determine the influence of thyroid hormones on maintenance of anestrus and onset of the subsequent breeding season in the ewe. In both experiments, ewes were thyroidectomized (THX) either soon after they had completed the transition from the breeding season to anestrus or just before the transition into the breeding season (late anestrus). All ewes were ovariectomized and received constant-release silicone elastomer implants of estradiol. Circulating levels of LH were monitored as an index of seasonal changes in reproductive neuroendocrine activity. After thyroidectomy early in anestrus, timing of the subsequent LH rise, indicative of the next neuroendocrine breeding season, was the same among THX and thyroid-intact ewes. As observed previously, LH remained elevated in ewes THX late in anestrus beyond the time associated with development of anestrus. We conclude therefore that thyroid hormones are not needed to maintain suppression of the reproductive neuroendocrine axis once anestrus has been established, nor do they influence the onset of the subsequent breeding season in the ewe. Rather, thyroid hormone action on seasonal alterations of the reproductive neuroendocrine axis in the ewe is restricted to the changes that cause development of anestrus.
INTRODUCTION
The thyroid gland is essential for the seasonal transition to the nonbreeding state in a variety of birds and mammals [1] [2] [3] [4] [5] [6] [7] [8] [9] . For example, ablation of the thyroid in ewes maintains ovarian cyclicity indefinitely [5] . Although much evidence indicates that thyroid hormones are essential to initiate seasonal suppression of the reproductive axis, few studies have determined whether thyroid hormone action is limited to development of this suppression. In the male European starling [10] and Welsh Mountain ram [11] , thyroidectomy during the nonbreeding season causes a premature increase in testis size, suggesting that thyroid hormones are also needed to maintain suppression of the reproductive axis once the nonbreeding state has been Accepted December 2, 1996. Received September 6, 1996 . established. In females, however, there is no definitive information on this issue, and existing information in ewes suggests that thyroid hormones may not play a role in maintaining seasonal reproductive suppression. For example, thyroidectomy of ewes very late in anestrus does not affect the timing of the onset of the subsequent breeding season [6, 7] . Those studies, however, were not definitive because the thyroid was removed close to the onset of the breeding season, possibly masking any role thyroid hormones may have had in maintaining reproductive suppression.
In the present study, we tested the hypothesis that thyroid hormones are essential for maintenance of anestrus in the ewe. Our approach was to thyroidectomize ewes that had recently entered anestrus and determine the effect on maintenance of anestrus and onset of the subsequent breeding season. We reasoned that, if thyroid hormones were essential for maintenance of anestrus, then the subsequent breeding season would begin sooner in ewes thyroidectomized (THX) early in anestrus than in thyroid-intact ewes. In contrast, if the influence of thyroid hormones were confined to development of anestrus, then time of thyroidectomy would not affect the onset of the subsequent breeding season. It is important to note that, in the ewe, both the onset and the end of the breeding season are generated by an endogenous rhythm [12] . Therefore, in addition to the main experiment conducted under natural photoperiodic conditions, a pilot study was performed on ewes housed in a fixed photoperiod in which the endogenous rhythm was allowed to free-run.
MATERIALS AND METHODS

General
The studies were conducted on 39 adult Suffolk ewes maintained at the Sheep Research Facility, Ann Arbor, MI (42°18' N) between July 1991 and October 1994. Animals were fed hay during the winter months, and those kept outdoors were maintained on pasture at other times. All ewes were allowed free access to water and mineral licks. For animals maintained indoors, photoperiod was regulated by electric timers that operated fluorescent bulbs providing an intensity averaging 350 lux lateral to the eyes. A dim (< 2 lux) red light remained on continuously to facilitate husbandry. Temperature was not regulated, but indoor and outdoor ewes experienced similar fluctuations in ambient temperature. Thyroidectomy and ovariectomy were performed under aseptic conditions as described previously [6] . All procedures were approved by the University of Michigan Committee on the Use and Care of Animals.
Monitoring Seasonal Changes in Reproductive Neuroendocrine Activity
After ovariectomy, each ewe was treated s.c. with a 3-cm silicone elastomer capsule packed with crystalline estradiol .1 1 as described elsewhere [13] . Previous reports have shown that these implants produce a constant elevation in the concentration of serum estradiol to -2 pg/ml, a level similar to that which circulates during the luteal phase of the estrous cycle [14] . Serum concentrations of LH were used as an index of seasonal changes in reproductive neuroendocrine activity. In this animal model, circulating concentrations of LH undergo marked seasonal cycles: LH is high during the breeding season and then decreases more than 20-fold to undetectable levels, marking the development of neuroendocrine anestrus [15, 16] . In ewes held in fixed photoperiodic conditions, changes in LH concentrations occur as a result of expression of an endogenous rhythm [12] . Blood was collected in the morning (between 0800 and 1200 h) twice weekly to determine LH and total serum thyroxine (T4) concentrations. Serum was decanted after centrifugation and stored at -20°C.
Experimental Design
Two experiments were performed to test the hypothesis that thyroid hormones are required to maintain seasonal suppression of the reproductive neuroendocrine axis in the ewe: a pilot study and the main experiment. In both experiments, ewes were THX soon after they exhibited a fall in LH (i.e., entered anestrus). The pilot experiment was performed under fixed photoperiodic conditions (design in top panel of Fig. 1 ). On 31 July 1991, 3 ewes were moved into light-controlled rooms and maintained on a fixed shortday photoperiod of 8L: 16D (lights-on 0500 h EST). Under these conditions, a rise in LH (marking onset of the neuroendocrine breeding season) is expected at the usual time in September, after which circannual cycles in LH persist as a result of expression of the endogenous rhythm [12] . Within 1-2 mo after LH had fallen during exposure to the fixed short photoperiod (mid-January 1992), the ewes were THX. LH was monitored until values rose, signifying onset of the subsequent neuroendocrine breeding season.
The main experiment was conducted in two runs on ewes maintained outdoors under natural photoperiod. In the first run, ewes were THX either late in anestrus approxi-
mately 1 mo before LH was expected to increase (2 August 1992, n = 8), or early in anestrus 2-3 wk after LH had fallen (13 March 1993, n = 6). Controls remained thyroidintact (n = 7). On the basis of serum concentrations of total T 4 , complete thyroidectomy was achieved in only 4 of the 6 ewes THX early in anestrus; a second run was therefore performed in which 10 additional ewes were THX from 12-13 March 1994, approximately 1 mo after onset of the anestrous season. Five thyroid-intact controls were included for comparison of timing of the subsequent rise in LH.
Hormone Assays
LH was measured in duplicate 10-to 2 0 0 -pM1 aliquots of serum by a modification [17] of a previously reported RIA [18, 19] , and concentrations are expressed in terms of NIH-LH-S12. Mean sensitivity for 200 I1 was 0.68 ng/ml (13 assays). Mean intraassay coefficient of variance (CV) for serum pools displacing radiolabeled LH to approximately 20% and 50% of total bound were 9.5 and 10.0%, respectively. Interassay CV for the same serum pools were 13.6 and 10.1%, respectively.
To determine whether thyroidectomy was complete, serum concentrations of total T 4 were determined in single 25 -,1 aliquots of every other sample (i.e., one sample/wk) by use of the Coat-A-Count Total T 4 assay kit (Diagnostic Products Corp., Los Angeles, CA) previously validated in our laboratory for use in sheep [7] . Sensitivity for 25 p. 1 averaged 1.95 ng/ml (n = 7 assays). Mean intraassay CV for serum pools displacing radiolabeled T 4 to 20% and 50% of the total bound were 6.9 and 11.0%, respectively. Interassay CV for the same serum pools were 8.5 and 17.2%, respectively.
Data Analysis
The criterion used to determine onset of the neuroendocrine breeding season (i.e., when LH concentrations rose in the ovariectomized estradiol-replaced ewe) was the date when LH concentrations increased above 1 ng/ml for 3 consecutive samples. Dates of the transition from low to high 
16-
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LH (onset of neuroendocrine breeding season) were subjected to ANOVA followed by mean comparisons among groups using Bonferroni's t-test [20] . Significance was set at p -0.05.
RESULTS
Shortly after transfer to fixed short days in August, circulating concentrations of LH rose in all animals in the pilot experiment, indicating onset of the neuroendocrine breeding season, and remained elevated for 5-6 mo (Fig.  1) . LH then fell spontaneously in December as a result of expression of the endogenous rhythm. The ewes were THX 4-5 wk after this spontaneous decline in LH (mid-January). Concentrations of LH did not increase immediately after thyroidectomy but remained low until May-June, when values increased markedly (Fig. 1) . This is approximately the time that LH would be expected to increase in thyroidintact ewes maintained under similar conditions [12] . Since these ewes were maintained in a fixed short photoperiod, this increase in LH is considered to be due to expression of the endogenous circannual rhythm.
Data for the first run of the main experiment are illustrated in Figure 2 . For the thyroid-intact controls, the mean date that LH rose above 1 ng/ml for 3 consecutive samples was 14 September 3 days. As seen previously [6, 7] thyroidectomy late in anestrus did not significantly alter the timing of the subsequent LH rise (20 September + 10) but caused LH to remain elevated beyond the time associated with development of anestrus in thyroid-intact controls. For the 4 ewes that were completely THX early in anestrus, LH remained undetectable during the entire anestrus period and subsequently rose, marking onset of the next breeding season. The date of this sustained rise in LH (16 September ± 6 days) was not different from the date in thyroid-intact controls or in ewes THX late in anestrus. This result was confirmed in run 2 of this experiment the following year (Fig. 3) . In 10 ewes THX at the beginning of anestrus, LH again remained undetectable for the entire length of the anestrus period and did not rise until 28 August + 8 days. This was not significantly different from the date LH rose in the thyroid-intact controls (10 September + 8; p > 0.05).
DISCUSSION
Previous studies in sheep have demonstrated that thyroid hormones are required for the seasonal termination of estrous cyclicity [5] . Further, thyroid hormones must be present for the seasonal increase in hypothalamic responsiveness to estradiol negative feedback that causes the transition to anestrus [6, 7] . Our study provides strong evidence that, once anestrus has been established, thyroid hormones are no longer required to maintain seasonal suppression of the reproductive neuroendocrine axis of the ewe, nor are they needed for initiation or appropriate timing of the onset of the subsequent breeding season. Thyroidectomy shortly after neuroendocrine anestrus was established did not cause LH to rise prematurely in estradiol-treated ovariectomized ewes; rather, LH remained undetectable during the entire length of the normal anestrus period and rose in unison with LH in thyroid-intact ewes. Maintenance of reproductive suppression during anestrus is therefore independent of thyroid hormones in this animal model. A lack of reliance on thyroid hormones for normal timing of onset of the breeding season was clearly observed under natural photoperiodic conditions. In addition, our limited evidence from the pilot study suggests that this is also the case in a fixed photoperiod. This would be in keeping with the view that the interaction between the thyroid and the reproductive axes in the ewe varies according to reproductive state. More specifically, if reproductive activity is high, thyroid hormones are essential to initiate seasonal suppression of the reproductive axis [5] [6] [7] . If reproductive activity is low, however, thyroid hormones are not required to maintain the suppression that develops either under the influence of changing photoperiod or as a result of the endogenous rhythm. In this regard, the influence of thyroid hormone on seasonal changes in activity of the reproductive neuroendocrine axis is confined to one seasonal process, namely initiation of reproductive suppression.
It is of interest to consider how thyroid hormones may affect the interaction between the photoperiodic signal transduction pathway and the endogenous rhythm of reproduction. In ewes, the long days of spring and summer have at least two effects on seasonal reproduction: inhibition of the reproductive neuroendocrine axis and synchronization of the endogenous rhythm [21, 22] . When THX ewes are challenged with an inhibitory long-day photoperiod, LH remains elevated, indicating that thyroid hormones are required to transduce the inhibitory influence of long days on the reproductive neuroendocrine axis [23] . With regard to the effect of long days on synchronizing the endogenous rhythm, ewes pinealectomized in March (early anestrus) exhibit a substantial delay in the onset of the subsequent breeding season because they are unable to respond to the synchronizing effect of long days of spring/summer [24] . If thyroid hormones were required for transduction of all long-day responses, then thyroidectomy should functionally reproduce the effects of pinealectomy. In our study, however, thyroidectomy in March did not delay the subsequent LH rise. Thus, although thyroid hormones are required for the long-day-induced inhibition of LH [23] , they may not be essential for transduction of the synchronizing effects of long days seen during the spring and summer months on the endogenous rhythm or for expression of that step of the rhythm. This suggests that the mechanisms that generate the endogenous circannual rhythm are still intact in THX ewes. Additional evidence that thyroid hormones are not required for all long-day responses nor for all seasonal cycles are findings that THX ewes mount a normal prolactin (PRL) response to long days [23] and exhibit a normal seasonal cycle of serum PRL concentration [6] . In addition, thyroidectomy does not disrupt the circadian pattern of circulating melatonin concentration, as THX ewes can alter the pattern after transfer from short to long days [23] . Thus, THX ewes are able to interpret and transduce changes in photoperiod at the level of the pineal.
In the context of the foregoing discussion, our findings suggest that thyroid hormones do not influence the neuroendocrine mechanisms that lead to onset of the breeding season nor the response of these mechanisms to the synchronizing effects of long days. There is, however, a caveat to this interpretation. The THX ewes in our study were not separated from the flock. Flock mates can influence onset of the breeding season of sheep [25] and, in fact, can synchronize reproductive neuroendocrine induction in pinealectomized ewes, which themselves cannot respond to photoperiod [26] . Synchronization by social cues, therefore, cannot be discounted as an explanation of the recent results. Even in this event, however, our basic conclusion that the influence of the thyroid on the annual reproductive cycle varies with season still holds.
A possible complementary mechanism that may contribute to the seasonal reliance on thyroid hormones is that target tissues within the reproductive neuroendocrine axis may be only transiently or seasonally dependent upon thyroid hormones. Thyroid hormones ultimately exert a central effect on the hypothalamus via the GnRH neurosecretory system because thyroidectomy prevents the seasonal decline in GnRH and LH pulse frequency that normally occurs during anestrus [27, 28] . Ultrastructural analysis of the GnRH system has revealed a seasonal difference in synaptic input to preoptic GnRH neurons in the ewe, with a 2-fold decrease in synaptic density in anestrus compared with that of the breeding season [29] . It is interesting to speculate that a thyroid hormone-dependent rearrangement of neuronal inputs to the GnRH system may be fundamental for seasonal suppression of reproductive activity and that, once these inputs are established, thyroid hormones are no longer required to maintain them. This kind of mechanism would be in keeping with the role thyroid hormones are known to play in fetal brain maturation (reviewed in [30] ). Extensive research on rats has revealed a transient postnatal action of thyroid hormones on maturation and differentiation of the central nervous system. Although results from our study appear to be straightforward, they differ sharply from those obtained in the Welsh mountain ram. In the ram, thyroidectomy shortly after seasonal suppression of the reproductive axis resulted in a premature increase in gonadal activity [11] . Could this difference in reliance on thyroid hormones in maintaining seasonal suppression of the reproductive axis reflect a sex difference in the neuroendocrine mechanisms that underlie seasonal reproduction? In this vein, it is noteworthy that the seasonal pattern of reproduction in ewes and rams is somewhat different in that the timing of seasonal changes and the level of suppression of hypothalamo-pituitary-gonadal function differs in rams and ewes [31] . This suggests that the mechanisms underlying seasonal reproduction in sheep are sexually differentiated [31] . A seasonal increase in neuroendocrine responsiveness to steroid hormone negative feedback is known to cause cessation of ovarian cyclicity in the ewe [15, 32] . In the ram, however, seasonal changes in pituitary and gonadal responsiveness to GnRH and LH, respectively, also influence reproductive function [33] . Because the substrates underlying seasonal changes in reproductive function may differ in males and females, thyroid hormones may interact with the reproductive axis of males and females in a gender-specific manner.
In addition to gender, a difference in animal models or breeds of sheep utilized might account for the different results obtained in males and females. Specifically, the ewes in our study were gonadectomized and received steroid replacement, whereas the males in the study mentioned previously had intact gonads [11] . Different results, therefore, could reflect different indices used to assess seasonal changes in reproductive state. This seems unlikely, however, because similar results have been obtained in the ovariectomized, estradiol-replaced ewe [6, 7] and the ovary-intact ewe [5] in experiments addressing the role of thyroid hormones in the seasonal transition to anestrus. Further, unpublished observations in ovary-intact ewes suggest that thyroidectomy early in the anestrous season does not cause early resumption of estrous cyclicity (T.J. Parkinson, personal communication).
Although many experiments have documented the importance of thyroid hormones during the breeding season for seasonal suppression of the reproductive axis [ 1-9, 23, 27] , we have recently shown that thyroid hormones are not required during the entire length of the breeding season [34] . In fact, thyroid hormone action on the reproductive neuroendocrine activity appears to be restricted to a few months, very late in the breeding season [35] . This supports the primary conclusion of the present study, that reproductive neuroendocrine responsiveness to thyroid hormones changes seasonally.
We conclude that thyroid hormones are not necessary to maintain reproductive suppression, nor are they required for onset of the breeding season in the ewe. Although thyroid hormones are essential to establish the increased hypothalamic responsiveness to estradiol negative feedback that leads to anestrus, maintenance and escape from this negative feedback loop occur independently of thyroid hormones. The reproductive neuroendocrine axis of the ewe is therefore only transiently and seasonally responsive to thyroid hormones.
